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Digitaria genome analyses indicate
introgressionmaydrive local adaptation and
herbicide resistance

Yujie Huang1,11, Jian Li2,3,11, Zhefu Li1, Shiyu Zhang1, Xingxiang Gao2,3,
LingjuanXie 1, RuiyaoZhou1, KunYang1, ZurenLi4, SanlingWu5,DongyaWu 1,6,
Feng Lin1, Yu Feng7, Beng-Kah Song 8, AldoMerotto 9, Qin Yu 10, Mei Li2,3 ,
Lianyang Bai4 & Longjiang Fan 1

Crabgrasses (Digitaria spp.) rank among the most invasive upland weeds
globally, exhibiting remarkable ecological plasticity. To uncover the genomic
basis underlying their weediness and environmental adaptability, we generate
a telomere-to-telomere (T2T) reference genomeofDigitaria sanguinalis, along
with its diploid progenitorD. radicosa and tetraploid progenitorD.milanjiana.
In addition, we re-sequence 579 accessions collected from fields of 24 grain-
producing provinces in China. A phenotypic classification system for Digitaria
species is developed by integrating genome-scale data with detailed mor-
phological observations. Phylogenomic and comparative genomic analyses
resolve the evolutionary history of Digitaria and reveal lineage-specific
expansions in herbicide-associated gene families. Extensive sympatric intro-
gression is observedwithinDigitaria, correlated with environmental selection.
Through dose-response assay of 196 accessions, we identify 19 candidate
genes associated with herbicide resistance, including DsSOH1. Haplotype
analysis indicates that the resistant allele at DsSOH1 locus originated from D.
ciliaris, suggesting a possible evolutionary contribution of introgression to the
distribution of resistance-associated alleles. Together, our findings provide
genomic insights into the evolutionary success of D. sanguinalis and offer
resources for studying polyploid evolution and environmental adaptation as
well as precision weed management in agroecosystems.

Weeds are ecologically resilient organisms that thrive in agricultural
ecosystems, exhibiting broad adaptability1–3. Digitaria sanguinalis (L.)
Scop., commonly known as large crabgrass, is one of the world’s worst
weeds. It is widely distributed from tropical to temperate regions and

thrives in both cultivated and no-tillage farming systems4,5. At high
densities, this species can cause yield losses above 90% and is fre-
quently found in soybean, maize, and sorghum fields6,7. The genus
Digitaria comprises over 220 species, whose identification is
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complicated by extensive phenotypic convergence8–10. This taxonomic
ambiguity has led to inconsistent assessments of species distributions,
ultimately hindering the development and implementation of precise
weed management strategies.

With widespread and intensifying use of agrochemicals, herbicide
resistance has emerged as a global threat to effective weed control,
currently affecting 273 weed species worldwide11–13. Herbicide resis-
tance typically arises through two primary mechanisms14. The first is
target-site resistance (TSR), which results from mutations or amplifi-
cation of herbicide target genes. The second is non-target-site resis-
tance (NTSR), which is conferred by enhanced metabolic
detoxification or sequestration. This process involves major detox-
ification enzyme families such as cytochrome P450s, Glutathione
transferases (GSTs), Aldo-keto reductases (AKRs) and ATP-binding
cassette transporters (ABC transporters)15. For D. sanguinalis, resis-
tance has been documented to acetolactate synthase (ALS), photo-
system II, Acetyl CoA carboxylase (ACCase), and 5-
enolpyruvylshikimate-3-phosphate synthase (EPSPS) inhibitor
herbicides16–19. The ALS-inhibitor herbicide nicosulfuron has been
widely used for large crabgrass control since its registration in China in
the 1990s18. In recent years, however, widespread resistance to nico-
sulfuron has emerged across numerous D. sanguinalis populations,
involving both TSR and NTSR mechanisms20–22. This escalating resis-
tance evolution is a growing concern, posing a significant threat to the
effectiveness and sustainability of current chemicalweedmanagement
strategies. However, the molecular and evolutionary basis of NTSR
remains unclear due to the lack of high-quality genomic resources.

Polyploidization is widespread across the plant kingdom and is
particularly prevalent among weedy species, where it often con-
tributes to increased resistance to stress23–25. The presence of multiple
homoeologous genomes within a single nucleus introduces regulatory
complexity, including coordinated gene expression and extensive
epigenomic remodeling26,27. In grasses, polyploidization has repeat-
edly facilitated the acquisition of stress resilience28,29. A well-known
example is hexaploid wheat (Triticum aestivum), which exhibits
increased fitness by combining root sodium retention, mediated by
HKT1.5 fromdiploidAegilops tauschii, with enhanced seed germination
from tetraploid emmer wheat29. Patterns of gene retention and loss
following polyploidization are also shaped by selection30. Disease-
resistance genes have undergone significant contraction in barnyard-
grass (Echinochloa crus-galli), in contrast to their expansion in wheat31,
suggesting divergent evolutionary trajectories driven by ecological
pressures32. D. sanguinalis is hexaploid (2n = 6× = 54). Therefore,
investigating the evolutionary consequences of polyploidization is
crucial for understanding the genetic basis of its ecological success
and remarkable adaptability across agroecosystems.

Introgression is increasingly recognized as a powerful evolu-
tionary force across diverse taxa, particularly in response to rapid
environmental changes, including anthropogenic stressors such as
herbicide exposure and pollution33. While natural interspecific hybri-
dization has been documented inDigitaria, the functional implications
of such hybridization events remain poorly understood34–36. In Eur-
opeanaspen (Populus tremula), adaptive introgressionhas been shown
to facilitate adaptation to high latitudes37. Another notable example is
theGulf killifish (Fundulus grandis),which acquiredpollution tolerance
through recent introgression of aryl hydrocarbon receptor loci from F.
heteroclitus38,39. Similarly, adaptive introgression may serve as a key
mechanism underpinning the wide geographic distribution and rapid
evolutionary response of large crabgrass to increasing herbicide
selection pressure.

In this study, to investigate the evolutionary trajectory and
adaptive mechanisms of Digitaria, we assemble T2T genomes of hex-
aploid D. sanguinalis, and its tetraploid progenitor D. milanjiana and
diploid progenitor D. radicosa. We also conduct large-scale genomic
analyses of 579 Digitaria accessions and perform herbicide dose-

response assays on a representative panel of 196 accessions. Our
results reveal that introgression from closely related species may
facilitate ecological adaptation in D. sanguinalis, including the acqui-
sition of NTSR-associated haplotypes, which may have accelerated the
recent evolution of herbicide resistance. These findings advance our
understanding of Digitaria adaptive evolution, and will be helpful for
development of precision weed management strategies.

Results
Genomic landscape of Digitaria reference genomes
A representative D. sanguinalis accession (#YJ2023) was collected
from agricultural fields in Shandong Province, China, and its genome
was sequenced, as well as its tetraploid progenitor, D. milanjiana
(accession #DZ2), and diploid progenitor, D. radicosa (accession
#YZGJ2). Cytological analysis confirmed its hexaploid status (2n = 6× =
54) (Supplementary Fig. 1), and k-mer analysis (k = 21, peak depth = 34)
of short-read data estimated a genome size of 1.24Gb (Supplementary
Fig. 2), consistent with flow cytometry results (1.35 pg/1 C) for D. san-
guinalis (Supplementary Fig. 3). The heterozygosity was esti-
mated at 0.05%.

For de novo assembly of D. sanguinalis, we employed com-
plementary long-read technologies: 81× coverage PacBio HiFi reads
(N50= 15.9 kb) and 88× coverage Nanopore ultra-long reads
(N50= 100.2 kb). A chromosome-level assembly was generated using
Hi-C data (79× coverage) to scaffold the initial contigs. In total, 419
contigs were anchored into 27 scaffolds, yielding a final assembly size
of 1.35Gb. To delineate subgenomes, we identified subgenome-
specific k-mers and clustered homeolog-differentiating scaffolds,
enabling consistent partitioning into three distinct subgenomes
(Supplementary Fig. 4). Three subgenomes were designated as C, D,
and E, based on the markedly low mapping rate (19.72%) and genome
coverage (17.53%) with D. exilis, supporting its distinct genomic
origin40. Following error correction and scaffold ordering, a
chromosome-level high-quality assembly was generated with sub-
genome sizes of 453.06Mb (CH, subgenome C in the hexaploid),
419.87Mb (DH), and 474.80Mb (EH), respectively. The assembly con-
tains only two unresolved gaps (Supplementary Fig. 5). Assessment
with BUSCO (v5.6.1, Poales lineage dataset) showed 99.30% com-
pleteness of conserved genes41. Genome annotation was performed
using a combination of homology-based, transcript-based, and ab
initio prediction approaches, and 114,996 genemodels were identified
after filtering 709.61Mb (51.80%) of repetitive sequences. Conserved
centromeric regions containing tandem repeats (detailed below) were
identified on all 27 chromosomes. Telomeric arrays (TTTAGGGn) were
resolved at 50 of 54 chromosomes, comprising 23 fully terminal
chromosomes (telomeres at both ends) and 4 partially terminal
chromosomes (single telomere detected) (Supplementary Data 1).
rDNA sequences were identified on seven chromosomes (Supple-
mentary Table 1). Through nation-wide sampling in China, we identi-
fied the diploid (2n = 2× = 18) D. radicosa, and tetraploid (2n = 4× = 36)
D. milanjiana, as the progenitors of D. sanguinalis (details provided in
the next section) (Fig. 1a). In parallel, two high-quality genomes for D.
radicosa (489.39Mb, CC genome) and tetraploid D. milanjiana
(908.85Mb, with subgenome sizes of 421.50Mb (DT, subgenome D in
the tetraploid) and 469.45Mb (ET)) were also generated in this study
(Supplementary Table 2; Supplementary Note 1).

To assess the assembly quality of three Digitaria reference gen-
omes, we first mapped Illumina paired-end reads to their respective
assemblies. Sequencing reads from diploid, tetraploid, and hexaploid
Digitaria accessions were uniformly mapped to the D. sanguinalis
reference genome, with high mapping rates of 99.51%, 99.48%, and
99.58%, respectively (Supplementary Table 3). RNA-seq reads showed
normal alignment ratios to their respective genomes (94.12% for D.
radicosa, 89.81% for D. milanjiana, and 93.32% for D. sanguinalis)
(Supplementary Data 2). The genome assembly index LAI scores were
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14.41, 17.30, and 15.62 for the three genomes, respectively, comparable
to those of Arabidopsis thaliana (TAIR10) and Vitis vinifera42,43. We also
estimated base-level accuracy and completeness of these assemblies
and high assembly consensus quality values, 58.70 (99.74%), 54.51
(99.74%), and 50.08 (99.60%), were achieved for the three genomes,
respectively (Supplementary Table 3). For continuity, we detected
potential assembly gaps with low-confidence read supports using
CRAQ, and high scores were also obtained for the three assemblies44

(Supplementary Tables 3 and 4). Taken together, these results suggest

that the three assemblies are of high quality in terms of continuity,
completeness, and accuracy.

Whole-genome alignments revealed extensive syntenybetweenD.
sanguinalis and its diploid/tetraploid progenitors, with conserved
macro-collinearity across 95.0% of the genome (Fig. 1b; and Supple-
mentary Fig. 5). The results also provide independent validation of our
chromosome-scale assembly quality.

We calculated the synonymous substitutions per synonymous site
(Ks) for orthologous gene pairs among the Digitaria species and other
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Fig. 1 | Reference genome assemblies and phylogenomics of the
Digitaria genus. a Morphological features of the three Digitaria species: D. radi-
cosa (#YZGJ2),D.milanjiana (#DZ2), andD. sanguinalis (#YJ2023), shown from left
to right.bGenomearchitectureof the threeDigitaria species. Track i represents the
chromosomes; tracks ii-iv depict the density of annotated genes (ii), transposable
elements (iii), and GC content (iv), respectively; track v illustrates syntenic rela-
tionships. C, genomeofD. radicosa;DT and ET, subgenomesofD.milanjiana; CH, DH,
and EH, subgenomes of D. sanguinalis. c Phylogenetic tree constructed with single-
copy orthologs using ASTRAL among Poaceae genomes. Gray nodes denote spe-
ciation events out ofDigitaria, while red and blue nodesmark polyploidization and
speciation events within Digitaria, respectively. Subgenome labels (e.g., A, B, C, D
and E) correspond to inferred ancestral contributions in polyploids. S. viridis,
Setaria viridis; E. indica, Eleusine indica; O. sativa, Oryza sativa. d Relative abun-
danceof stress-associatedgene families across Poaceaegenomes. Gene family sizes
were standardized as Z-scores and visualized as a gradient heatmap. Gene families
associated with abiotic and biotic stress responses are indicated in blue and red,

respectively. Gene families previously implicated in non-target-site herbicide
resistance are highlighted in green. FAR1, Far-red impaired response 1 DNA-binding
domain; Hsp70, Heat shock protein 70 family; P450, Cytochrome P450 family; ABC
transporter, ATP-binding cassette transporter; GRAS, GAI-RGA- and -SCR; AP2,
Apetala2; NAM C-terminal, No Apical Meristem Protein C-terminal domain; UDP/
GT, UDP-glucoronosyl and UDP-glucosyl transferase; D-mannose binding lectin,
D-mannose binding lectin domain; NB-ARC, nucleotide-binding adapter shared by
APAF-1, R proteins, and CED-4. O. sativa, Oryza sativa; E. haploclada, Echinochloa
haploclada; E. crus-galli, Echinochloa crus-galli; E. oryzicola, Echinochloa oryzicola;
S. italica, Setaria italica; P. hallii, Panicumhallii;D. exilis,Digitaria exilis;D. radicosa,
Digitaria radicosa; D. milanjiana, Digitaria milanjiana; D. sanguinalis, Digitaria
sanguinalis. E. crus-galli AH, BH, and CH, subgenomes of E. crus-galli; E. oryzicola AT

and BT, subgenomes of E. oryzicola; D. exilis AT and BT, subgenomes of D. exilis; D.
milanjiana DT and ET, subgenomes of D. milanjiana; D. sanguinalis CH, DH, and EH,
subgenomes of D. sanguinalis. Source data are provided as a Source Data file.
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grass species to estimate their divergence times (Fig. 1c). The Ks peak
for orthologs between D. radicosa and Oryza sativa was 0.57, corre-
sponding to an estimated divergence time of ~45 million years ago
(mya) (Fig. 1c), while Digitaria diverged from Eleusine ~35 mya, and
subsequently from Setaria around 17 mya. This phylogenetic branch-
ing timeline was consistent with previous estimates45,46 (Supplemen-
tary Fig. 6). The two lineages with diagnostic spikelet arrangement
phenotypes, D. exilis and D. sanguinalis, diverged at 12 mya. A large-
scale amplification of Gypsy-type transposable elements was observed
in the D. sanguinalis genome compared to D. exilis (Supplementary
Fig. 7a). Further analysis of subgenomedifferentiation inD. sanguinalis
resolved three ancestral lineages: CH diverged around 6.9 mya, fol-
lowed by the bifurcation of DH and EH at ~6.4 mya. Using insertion
polymorphisms of long terminal repeat retrotransposons, calibrated
against synonymous mutation rates, we estimated that the tetra-
ploidization event leading to D. milanjiana occurred around 0.9 mya,
while hexaploidization in D. sanguinalis followed at ~0.4 mya. Inter-
estingly, DH and EH in D. sanguinalis exhibit similar patterns to those in
D. milanjiana (Supplementary Fig. 8). In addition, a maximum-
likelihood (ML) phylogeny based on a concatenated matrix of 2030
single-copy orthologs among the 14 (sub)genomes was reconstructed,
and a coalescent-based phylogenetic analysis was also performed,
integrating individual gene trees (Fig. 1c; and Supplementary Fig. 9).
These divergence estimates were concordant with our Ks-based
molecular dating analyses, with robust statistical support at all
key nodes.

Using domain-based gene family quantification across 18 gen-
omes, we observed significant lineage-specific contraction in biotic
stress-responsive gene families, highlighting differences between
polyploidupland andpaddyweeds aswell as crops (Fig. 1d). Consistent
with evolutionary patterns observed in other weeds31, Digitaria
exhibited pronounced contraction of NB-ARC domain-containing
genes (median 252 ± 48.7 copies vs. 447 ± 94.0 in crops; two-tailed t-
test, p = 0.002) and D-mannose-binding lectin genes (61 ± 9.1 vs.
116 ± 22.8 in crops; two-tailed t-test, p =0.001) compared to crops. The
decay in defense-related genes likely reflected ecological trade-offs
that favor growth in ruderal habitats, where biotic stress responses
may be reduced in importance31,47. Interestingly, comparative analyses
revealed a significant expansion of UDP-glucuronosyl/glucosyl trans-
ferase (UDP/GT) genes in Digitaria (162 ± 28.5) relative to Echinochloa
species (64 ± 13.1; two-tailed t-test, p = 1.63e-5). Furthermore, gene
families such as GAI-RGA-SCR (GRAS, 67.0 ± 5.6 vs. 43.5 ± 7.3; two-
tailed t-test, p =0.008) also exhibited expansion (Supplementary
Data 3). These expansions may have provided a genomic foundation
for adaptation under modern weed management systems. UDP/GTs
were significantly enriched on Chr3 in Digitaria (Fisher’s test, p <0.01)
(Supplementary Fig. 10), which also harbors the highest transposon
density across the genome (Supplementary Fig. 7b). Several flood-
adapted gene families, such as the anaerobic-response Apetala2,
showed marked expansion in Echinochloa (copy number: 182.0 ± 12.3
vs. 159.0 ± 9.9 in D. sanguinalis; two-tailed t-test, p = 0.008), likely
reflecting adaptation to prolonged submergence (Supplementary
Data 3). Compared with ancestral genomes, D. sanguinalis exhibited a
lineage-specific amplification of far-red impaired response 1 DNA-
binding genes (avg. 71.3 copies vs. 8.5 copies in D. exilis, 59.5 copies in
D. milanjiana, and 54.0 copies in D. radicosa) likely associated with its
mat-forming growth habit and the shaded microhabitats it occupies
(Fig. 1d). Concurrently,D. exilis showed a distinctive expansion in Heat
shock protein 70, consistent with its adaptation to extreme thermal
environments in west African provenances (Fig. 1d).

Population structure and demography of Digitaria species
To investigate the genetic diversity and population structure of Digi-
taria, we re-sequenced the genomes of 579 Digitaria accessions col-
lected over the past decade from awide range of habitats across China

(Fig. 2a; and Supplementary Fig. 11; Supplementary Data 4). Based on
read mapping rates and genome coverage to the D. sanguinalis refer-
ence genome (Fig. 2b; and Supplementary Data 4), combined with
morphological traits and genome size estimates (flowcytometry and k-
mer analysis) (Supplementary Fig. 12; and Supplementary Data 4), the
579 accessionswere classified into twomajor clades definedbydistinct
spikelet arrangements (Supplementary Note 2). The first clade, the
ternate-type group, includes D. exilis, D. ischaemum, and D. violascens,
species with primarily European distributions. The second clade, the
binate-type group, comprisesD. ciliaris,D. bicornis, andD. sanguinalis,
which collectively represent the most globally invasive agricultural
weeds48,49. On average, D. bicornis showed a 76.82%mapping rate with
average coverage of 65.44%, 83.89%, and 85.12% across the CH, DH, and
EH, respectively (Supplementary Fig. 13). D. ciliaris achieved a 94.63%
mapping rate, with CH, DH, and EH coverage of 95.36%, 84.20%, and
85.94%, respectively (Supplementary Fig. 13).D. sanguinalis accessions
showed the highest mapping rates, averaging 97.46%, with CH, DH, and
EH coverage of 98.11%, 98.04%, and 97.03%. In particular,D. milanjiana
and D. radicosa had differential subgenome coverage patterns
(Fig. 2b). For example, D. radicosa exhibited amapping rate of 95.05%,
with subgenome compartment coverage of CH: 95.63%, DH: 2.07%, and
EH: 1.80%, while D. milanjiana showed a mapping rate of 93.17%, with
CH, DH, and EH coverage of 7.96%, 86.57%, and 87.75%, respectively
(Supplementary Data 4). This asymmetric subgenome coverage pro-
vides genomic evidence supporting their ancestral contributions (i.e.,
tetraploid and diploid progenitor) to the allohexaploid genome of D.
sanguinalis. In contrast, ternate-type Digitaria species consistently
exhibited low mapping rates (~18.2%) and subgenome coverage
(~13.6%), consistent with Ks-based molecular divergence estimates
(Figs. 1c and 2b), indicating a more distant evolutionary relationship
with the binate-type clade.

Our nationwide sampling effort covered 25 provinces across
China, spanning from Hainan (18.3°N) in the tropical south to Hei-
longjiang (47.3°N) in the subarctic north (Fig. 2a). D. sanguinalis was
the dominant species (78.90%) in the sampling population, with
notable prevalence in major agricultural regions such as Henan,
Shandong, and Shanxi (Supplementary Data 4). In contrast, the
majority (68.75%) of D. violascens accessions were collected from
northeastern provinces, Heilongjiang and Jilin. Regional differences in
diversity were evident. Southern coastal provinces exhibited higher
diversity, with Hainan showing the highest Simpson diversity index
and Shannon index, 0.60 and 0.99, respectively, followed by Guangxi
and Guangdong. In contrast, lower diversity levels were observed in
Anhui and Jiangsu, with Simpson index values of 0.07 and 0.11,
respectively (Supplementary Table 5).

We called single nucleotide polymorphisms (SNPs) across the CH,
DH, and EH, yielding 10.76 million SNPs and 23.76 SNPs/kb for CH, 9.07
million and 21.60 SNPs/kb for DH, and 7.45 million and 15.68 SNPs/kb
for EH. These SNPs were used for population structure and phyloge-
netic analyses of binate-type group (ternate-type accessions were
excluded from subsequent analyses due to low mapping rates) (Sup-
plementary Figs. 14 and 15).Within the retainedbinate-type specimens,
each species formed a monophyletic clade in maximum-likelihood
phylogenies (Fig. 2c). Meanwhile, we identified phylogenetically
intermediate outliers that displayed three convergent signatures of
potential hybridization: firstly, they occupied intermediate positions in
species phylogeny between species clades (Fig. 2d); secondly, princi-
pal component analysis (PCA) positioned them centrally between
primary species clusters (e.g., between D. ciliaris and D. sanguinalis)
(Supplementary Fig. 15); thirdly, ancestry composition analysis
revealed admixed genomic profiles (Supplementary Fig. 14). Together,
these findings point to possible historical introgression among Digi-
taria species, although further analyses are needed to robustly resolve
the extent and directionality of these events. Within D. sanguinalis,
four distinct varieties and three admixed populations were identified,
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each showing marked biogeographic specialization across China
(Fig. 2b, d; Supplementary Fig. 16). The phylogenetically basal var.
glabra was predominantly distributed in northeastern regions and is
characterized by the narrowest leaf blades, most compact tiller angles,
and the heaviest 1000-seed weight among all varieties (Fig. 2d, e). In
contrast, var. parvispicula is dominant in southern provinces and is
distinguished by elongated, slender leaves and the lightest grain

weight (Fig. 2d, e; and Supplementary Figs. 17 and 18). In the middle-
lower Yellow River basin, the remaining two varieties exhibit north-
south geographical separation relative to the river (Fig. 2b; and Sup-
plementary Fig. 16). Although morphologically similar, var. pubescens,
localized on the northern slopes, is distinguished by heavier seeds and
the presence of golden bristles on the lemma surface (Fig. 2b, e; and
Supplementary Figs. 17 and 18). Field surveys revealed that admixed
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populations were found in transitional ecotones between discrete
varietal ranges (Fig. 2b; and Supplementary Fig. 16), further supporting
their role as dynamic genetic intermediates. This classification into
four distinct varieties lays the groundwork for exploring whether his-
torical introgression has contributed to the observed genetic and
phenotypic diversity.

By comparing the unfolded joint site frequency spectrum (SFS) of
unlinked SNPs, polarized using known ancestral alleles, we inferred
that archaic introgression from D. ciliaris into D. sanguinalis started at
~431,653 years before present (yr BP, 95% confidence interval (CI)
350,044−2,420,993 yr BP), following the speciation of D. sanguinalis,
which itself was estimated to have occurred ~1.072 mya (95% CI:
712,489-2,921,965 yr BP) (Fig. 2f). Var. glabra diverged from the
ancestral D. sanguinalis lineage at ~53,926 yr BP (95% CI: 37,101-
1,423,489 yr BP). This was followed by the separation of the common
ancestor of var. sanguinalis and var.parvispicula fromvar.pubescens at
~46,719 yr BP (95% CI: 18,199-1,156,488 yr BP). During this diversifica-
tion process, introgression was detected between the ancestral var.
pubescens and the common ancestor of the other two varieties. The
best-fitting demographic model also predicted ongoing, bidirectional
introgression between D. ciliaris and multiple D. sanguinalis varieties
since the emergence of var. parvispicula around 39,561 yr BP (95% CI:
2,919-438,092 yr BP) (Fig. 2f; and Supplementary Fig. 19; Supplemen-
tary Table 6 and 7). Given the weed’s prevalence in upland agricultural
systems, these patterns likely reflect human-mediated dispersal. Agri-
cultural practices, especially mechanized harvesting and commercial
seed exchange, may have accelerated the nationwide spread of D.
sanguinalis and facilitated genetic exchange among historically iso-
lated subspecies. To examine more recent demographic trends over
the past 10,000 years, both folded and unfolded SFS were analyzed,
and a sharp population bottleneck was detected in var. glabra around
30,000 years ago (Supplementary Fig. 20). For D. ciliaris, a severe and
continuous decline in the effective population size began ~1000 years
ago, following an earlier bottleneck. In contrast, after recovering from
a bottleneck around 5000 years ago, the population sizes of var.
sanguinalis and var. parvispicula had remained relatively stable over
the past 2000 years.

Overall, nucleotide diversity (π) displayed an asymmetric dis-
tribution across theDigitariagenomes,withDH inbothD. ciliaris andD.
sanguinalis exhibiting the lowest levels of diversity (Supplementary
Fig. 21). Except in var. pubescens, EH showed higher diversity than CH,
suggesting that var. pubescens underwent distinct genomic alterations
leading to elevated diversity. Moreover, the divergence between DH

and EH was more pronounced in D. sanguinalis than in other Digitaria
species (Supplementary Fig. 9), implying that D. sanguinalis experi-
enced stronger post-origin introgression than other species, with a
directional bias favoring CH and EH genomic compartments.

Comparative analyses of population structure across spatially
clustered and temporally distinct populations of D. sanguinalis from
2013 to 2023 in the Huang-Huai-Hai agroecosystems revealed clear
evidence of population genetic restructuring over time (Supplemen-
tary Fig. 22a; and SupplementaryTable 8). Accessions collected in 2013
and 2015were designated as historical groups, whereas geographically
proximate accessions collected in 2023 were defined as modern

groups.Moderngroups exhibitedmarkedly higher admixture diversity
compared to historical collections (Supplementary Fig. 22b). While
core geographic clusters have retained notable spatial structure,
temporal analyses revealed genetic homogenization over time. For
example, in GR7, the proportion of the k4 ancestral component
declined sharply from 89.47% in 2013 to 31.95% in 2023. Concurrently,
the admixture index increased from 0.29 to 0.55, reflecting a sub-
stantial rise in genomic intermixing (Supplementary Fig. 23; and Sup-
plementary Table 8).

Sympatric introgression driving local environmental adaptation
Introgression is known to have played a primary role in increasing
genetic diversity. We further constructed a ML phylogeny using SNPs
from chloroplast genomes to infer the maternal origins of Digitaria
topologies (Fig. 3a). Species-level divergence patterns in the tree were
congruent with those inferred from the nuclear SNPs, notably with D.
violascens and D. ciliaris forming a monophyletic clade (Figs. 2b and
3a). Interestingly, a subset of D. sanguinalis accessions (n = 9) was
scattered within the clade containing D. ischaemum and D. violascens,
suggesting persistent chloroplast introgression between lineages that
diverged more than 10 mya (Fig. 3a, b). Although D. bicornis formed a
monophyletic group in the nuclear phylogeny, its chloroplast gen-
omes clustered within Clade 4, which is dominated by D. sanguinalis
accessions (95.68%) (Figs. 2d and 3b). This implied a D. sanguinalis
origin of the D. bicornis chloroplast genome, likely resulting from
historical chloroplast capture through hybridization or horizontal
transfer. The chloroplast phylogeny further supports the hypothesis of
at least two distinct maternal donors in the origin of D. sanguinalis.
One lineage corresponded to the monophyletic Clade 4, while the
other branches as a sister group to the D. ciliaris monophyly, collec-
tively forming Clade 3, a topology that was discordant with the nuclear
genome (Fig. 3a, b). Both diploid and tetraploid ancestors of D. san-
guinaliswere positioned within Clade 3, with D. radicosa nested inside
the D. ciliaris subclade (Fig. 3a). This placement aligned with the high
CH coverage observed in D. ciliaris (95.36%), suggesting shared
ancestry of CH between D. ciliaris and D. sanguinalis (Fig. 3a; and
Supplementary Fig. 13). Overall, the chloroplast phylogenies indicate
extensive interspecific introgression across Digitaria, most likely
resulting from historical hybridization events50,51.

Given sympatric distribution observed for D. ciliaris and D.
sanguinalis, we applied the genome-wide D-statistic and fd value to
test for introgression between 7 sympatric population pairs of D.
ciliaris and D. sanguinalis (Supplementary Fig. 24a, b). All 7 popula-
tions exhibited significant signals of introgression (D > 0.11 and Z > 3
across all 7 populations; Supplementary Table 9). The strongest
signal was detected in the SX population (D = 0.16), whereas the JN
exhibited the weakest evidence of introgression (D = 0.11) (Supple-
mentary Table 9). This pattern was further supported by the same
analysis using sliding windows, revealing that SX harbored the
greatest proportion of introgression across the genome (PIG) across
the genome (Fig. 3c; and Supplementary Table 10). In contrast,
eastern populations, including DZ, JN, and LF, displayed fewer
introgressed regions, indicating minimal impact of introgression in
these lineages (PIG in Fig. 3c).

Fig. 2 | Population structure and demographic history of Digitaria species.
a Geographic distribution of Digitaria accessions used in this study. The primary
collection region is shown in detail, with an inset in the upper-left corner displaying
the full geographic extent of sampling across China. Different species are repre-
sented by distinct symbols, while D. sanguinalis varieties are shown as colored
circles. Range boundaries of major taxa are shaded. b Species identification based
on mapping rates and coverage of reads aligned to the D. sanguinalis genome
(#YJ2023). cUnrootedmaximum-likelihood tree ofD. sanguinalis,D. ciliaris, andD.
bicornis accessions. d A rooted maximum-likelihood tree of D. sanguinalis acces-
sions based on genome-wide SNPs, using D. ciliaris as an outgroup. Varieties and

putative admixed populations are color-coded. e Phenotypic variation in seed
morphology (aspect ratio and 1000-seedweight) across Digitaria species (n = 9 for
D. ischaemum, n = 16 for D. violascens, n = 5 for D. bicornis, n = 51 for D. ciliaris,
n = 485 for D. sanguinalis) and D. sanguinalis varieties (n = 111 for var. pubescens,
n = 105 for var. sanguinalis, n = 78 for var. parvispicula, n = 35 for var. glabra).
Central dots represent medians, and whiskers indicate the interquartile ranges.
Statistical significance was assessed by two-tailed t-tests. f Demographic inference
of D. sanguinalis varieties. Time points T1-T4 denote estimated divergence events.
Nₑ, effective population size; mya, million years ago. Source data are provided as a
Source Data file.

Article https://doi.org/10.1038/s41467-026-69076-x

Nature Communications |         (2026) 17:2669 6

www.nature.com/naturecommunications


To assess the potential role of environmental factors in shaping
sympatric introgression, we conducted matrix regression analyses
(Mantel/partialMantel tests) on pairwise shared introgressed genomic
regions (PSIG), defined as the Jaccard similarity index of introgressed
haplotypes between “D. sanguinalis - D. ciliaris” population pairs.
Environmental and geographic distance matrices were constructed
using data from 7 population pairs (Supplementary Data 5). Both
Mantel tests revealed significant negative correlations between PSIG
and geographic distance (Pearson’s r = −0.70, p = 0.02), as well as
between PSIG and environmental divergence (Pearson’s r = −0.64,
p =0.01) (Supplementary Table 11). However, partial Mantel tests did
not detect significant associations when controlling for the alternative
variable, likely due to high collinearity between geographic and
environmental distances (Pearson’s r = 0.61, p = 1.48e-5)

(Supplementary Fig. 24c). To account for the potential confounding
effect of population structure on the relationship between environ-
mental distance and PSIG, we performed a partial Mantel test con-
trolling for pairwise genetic divergence (Fst). This analysis revealed a
significant negative correlation between environmental distance and
PSIG, suggesting that environmental distance explains variation in
PSIG beyond what can be attributed to genetic divergence (Supple-
mentaryTable 11). Furthermore, correlation analysis between PSIG and
specific environmental variables identified a significant association
with precipitation (Supplementary Fig. 24d; and Supplementary
Table 11).

To investigate the functional relevance of introgressed genomic
regions, we performed Pfam domain enrichment analyses across
populations (Fig. 3d). The number of introgressed genes varied from
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2181 to 3472 among populations, and enrichment profiles were largely
population-specific, with 13–25 significantly enriched domains per
population and only 14 domains shared across more than three
populations (Supplementary Fig. 25). Several functionally relevant
domains were recurrently enriched across populations, spanning
categories such as detoxification (e.g., ABC transporters, UDP/GTs),
signaling (e.g., protein kinases, WD40 repeats), and transcriptional
regulation (e.g., Myb-like DNA-binding domains) (Fig. 3d; Supple-
mentary Data 6). The Hsp20 domain, associated with heat stress
responses, was uniquely enriched in the SX population, which
experiences the highest temperatures among all sampled regions
(Fig. 3d; Supplementary Fig. 24a; Supplementary Data 5), suggesting a
possible case of environmentally mediated introgression linked to
thermal adaptation.

To identify genetic variants associated with environmental adap-
tation, we conducted genotype-environment association (GEA) ana-
lyses using the latent factor mixed model (LFMM), which accounts for
background population structure while testing for associations
between genotypes and environmental variables52 (Fig. 3e; Supple-
mentary Figs. 26-28). The analysis included 19 environmental variables,
comprising 10 temperature-related and 9 precipitation-related factors
(Supplementary Data 7). In total, we identified 9437 SNPs significantly
associated with one or more environmental variables, corresponding
to 2117 genes (Supplementary Figs. 26-28; Supplementary Data 8).
These environment-associated variants exhibited a genome-wide dis-
tribution, without clustering in specific genomic regions, suggesting
that adaptation in Digitaria is governed by polygenic architectures
rather than by hard selective sweeps at a handful of loci (Supplemen-
tary Figs. 26-28).

Several genes previously implicated in climate adaptation were
identified in our analysis as harboring variants significantly associated
with environmental variables53 (Supplementary Figs. 26-28; Supple-
mentaryData 8). For example, the geneDsRZ2, which is homologous to
OsRZ2, exhibited strong associations with the minimum temperature
of the coldest month (Bio6) (Fig. 3e). This gene encodes a protein
containing both a zinc knuckle domain (PF00098) and an RNA
recognition motif (PF00076), and is known to play a critical role in
plant protection against cold and freezing stress54,55. Expression ana-
lysis, based on RNA-seq data from root, stem, old leaf, and young leaf
tissues, confirmed ubiquitous expression of DsRZ2 with RPKM values
ranging from 4.40 to 7.24 (Supplementary Fig. 29a). We identified
three major DsRZ2 haplotypes, exhibiting distinct geographic dis-
tributions (Supplementary Table 12). Hap1 was fixed (> 90%) in
accessions located in the northeast that experience coldest winter
temperatures −7.65 °C, whereas Hap3 dominated (87% frequency) in
southern populations subjected to −4.77 °C (Fig. 3f; and Supplemen-
tary Fig. 29b, c). The observed haplotype frequencies also differed
across D. sanguinalis varieties, indicating a possible association with

subspecies identity (Fig. 3g). Furthermore, extended haplotype
homozygosity (EHH) analysis at the DsRZ2 locus did not exhibit sig-
nificant differences between haplotypes carrying the T or the C allele,
which may result from polygenic additive effects (Supplementary
Fig. 30; standardized |iHS| score = 0.72).

Given the recurrent introgression observed inDigitaria, we tested
whether local adaptation inD. sanguinalismayhave been facilitated by
introgression. In ABBA-BABA statistics, significantly elevated fd values
were detected at the DsRZ2 locus in sympatric populations (Fig. 3h;
and Supplementary Fig. 29d). This indicates that in theseD. sanguinalis
accessions, genetic variation within an environmentally associated
region on Chr4 more closely resembled sympatric D. ciliaris haplo-
types than those of allopatric D. sanguinalis populations, supporting a
hybrid origin for this ~500 kb genomic segment. This introgressed
segment contains a functionally coordinated cluster of six stress-
adaptive loci, including RZ2 and four genes previously characterized in
rice (OsRALyase, OsBIHD1, OsUBC26, BK-PP2A)56–59 (Fig. 3h, i). The
presence of these genes in an introgressed block suggests that intro-
gression from D. ciliaris acted as a beneficial reservoir of adaptive
alleles.

Temporal escalation and geographic spread of ALS-inhibitor
resistance
Nicosulfuron has been widely used for weed management since its
registration in the 1990s18. To quantify the temporal dynamics of ALS-
inhibitor resistance in Digitaria, we performed nicosulfuron single-
dose bioassays on accessions collected from the Huang-Huai-Hai
agroecosystems in 2013, 2015, and 2023, respectively (Supplementary
Table 13). As expected, resistance levels among surveyed populations
exhibited a marked increase over a decade. Survival rates (number
alive after treatment) following herbicide treatment rose from36.5% in
2013 to 74.2% in 2023 (Supplementary Table 13), while the mean her-
bicide control efficacy concurrently declined from 86.0% to 70.7%. To
further characterize resistance variation, we conducted dose-response
assays on 196 representative accessions, determining GR₅₀ (herbicide
dose causing 50% plant growth reduction) and GR₉₀ values (Supple-
mentary Data 9). The GR₅₀ estimates varied by more than 2000-fold,
ranging from0.083 g a.i. ha-1 (observed in accession #15-9 fromAnhui)
to 168 g a.i. ha-1 (accession #W-21 from Shandong), reflecting sub-
stantial inter-population differences in resistance levels.

Despite being predominantly collected from ecologically com-
parable environments, differentDigitaria species displayed substantial
variation in herbicide resistance (Fig. 4a; Supplementary Data 9).
Accessions of D. bicornis, primarily sourced from the Hainan Island,
exhibited the lowest GR50 values, indicating high susceptibility to
nicosulfuron (Fig. 4a). In contrast, D. ischaemum, D. ciliaris, and D.
sanguinalis consistently showed higher GR50 values (Fig. 4a; and
Supplementary Data 9). The median GR₉₀ value of the three weeds

Fig. 3 | Sympatric introgression fromD. ciliaris into D. sanguinalis contributed
to cold adaptation. a Maximum-likelihood phylogeny of accessions based on
chloroplast genome SNPs. D. sanguinalis and its putative progenitors (#YJ2023,
#DZ2, and #YZGJ2) aremarked with asterisks. b Bar plots summarizing species and
varieties composition across major clades in chloroplast phylogeny. c Distribution
of introgression intensity between sympatric D. ciliaris and D. sanguinalis popula-
tion pairs. Red dots indicate mean genome-wide proportions of introgression (PIG,
right Y-axis). The violin plots show the distribution of genome-wide fd values across
8517, 9002, 12,958, 14,703, 9673, 9640 and 11,143 sliding windows for populations
LF to ZJ, respectively. Box plots show the median (center line), the 25th and 75th
percentiles (boundsof thebox), and the rangeof valueswithin 1.5× the interquartile
range (whiskers). d Enriched Pfam domains in introgressed regions across sym-
patric populations. Detoxification-related domains are highlighted in green and
heat-shock-related is shown in red. Statistical significance was assessed using
Fisher’s exact test with FDR correction. ABC, ATP-binding cassette transporter;
Myb-like, Myb-like DNA-binding domain; UDP/GTs, UDP-glucuronosyl and UDP-

glucosyl transferase; P450, Cytochrome P450; C2, C2 domain; AP2, Apetala2;
Hsp20, Hsp20/alpha crystallin family; D-mannose, D-mannose binding lectin.
e Manhattan plot showing SNP associations with minimum temperature of the
coldest month (Bio6) based on LFMM analysis. P-values were computed by trans-
forming Z-scores under a standard normal distribution. Dashed horizontal lines
denote significance thresholds (blue represents the FDR correction, adjusted
p = 0.05; red represents the Bonferroni correction, adjusted p = 0.05). Genes
previously validated inOryza sativa are labeled. f Geographic distribution ofDsRZ2
haplotypes in sympatric D. sanguinalis accessions. The background map is shaded
according to Bio6 variation. g Frequency of DsRZ2 haplotypes across D. ciliaris and
D. sanguinalis varieties. Accessions withmissing genotypes at the focal region were
excluded. GLA, D. sanguinalis var. glabra; PUB, D. sanguinalis var. pubescens; SAN,
D. sanguinalis var. sanguinalis; PAR,D. sanguinalis var.parvispicula.hProportion of
introgression fd distributions on Chr4 in DZ, SJZ and SX. i Stress-responsive genes
identified within the 54.2-54.6Mb region of Chr4. Source data are provided as a
Source Data file.
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reached 84 g a.i. ha-1, with 100 g a.i. ha-1, 80 g a.i. ha-1, and 84 g a.i. ha-1 of
D. ischaemum, D. ciliaris, and D. sanguinalis accessions, respectively,
above the recommended field application dose (60 g a.i. ha-1). These
variations in GR50/GR90 values in surveyed accessions have already
rendered nicosulfuron weed control ineffective. To assess the tem-
poral dynamics of resistance development, D. sanguinalis accessions
collected from the lower-middle Yellow River region (32°−40°N,
108°−120°E) were used in the analysis. Both GR₅₀ (one-tailed t-test,
p = 4.26e-2) and GR₉₀ (one-tailed t-test, p = 4.16e-3) values showed
positive correlations with collection years, indicating a progressive
increase in resistance over time (Fig. 4b). This trend highlights the
rapid adaptation of D. sanguinalis populations to escalating herbicide

selection pressure within agroecosystems. Accessions exhibiting
resistance (GR₉₀ > 60g a.i. ha-1) were found to be geographically
widespread across multiple provinces, highlighting the increased
challenges such a distribution poses for effective weed management
(Supplementary Fig. 31).

To assess potential TSR, we first examined non-synonymous
mutations in ALS, the herbicide target gene of nicosulfuron. Whole-
genome sequencing of the Digitaria accessions (n = 554) identified 25
non-synonymous mutations in three DsALS gene copies (Supplemen-
tary Fig. 32a; and Supplementary Table 14; Supplementary Data 10).
The DsALS-C copy, located on the CH, harbored the highest number of
mutations (12 on the CH, 7 on the DH, and 6 on the EH). Most mutations
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from one-tailed t-tests are indicated. c Manhattan plot of SNP associations with
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window flanking Chr20: 34,032,644. Source data are provided as a Source Data file.
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(15/25) were present in a heterozygous state across accessions, in
contrast to the predominantly homozygous resistance alleles
observed in Echinochloa31 (Supplementary Table 14). These alleles also
remained at low frequencies (less than 0.16) (Supplementary Table 14;
Supplementary Data 10). No shared mutation sites were observed
among three DsALS copies, and no accession carried variants in all
three copies, either in homozygous or heterozygous state (Supple-
mentary Data 10). In addition, no accessions exhibited abnormal cov-
erage at any of the three DsALS gene copies (avg. coverage: 0.96 for
DsALS-C, Shapiro-Wilk test, p >0.01; 0.95 for DsALS-D, Shapiro-Wilk
test, p > 0.01 and 0.92 for DsALS-E, Shapiro-Wilk test, p >0.01). While
no fixed mutations were identified in these copies, the complexity of
the hexaploid genome does not preclude the presence of a dominant
mutation. Further studies at both the genetic and functional levels will
be necessary to establish whether such a mutation underlies TSR in D.
sanguinalis.

Gene amplification-mediated dosage effects represent a
mechanism for rapid adaptation to intense selection pressures, as
illustrated in blackgrass (Alopecurus myosuroides), and bamboo
rats60,61. To determine whether NTSR in D. sanguinalis involves gene
amplification, we assessed variation in coverage for six key resistance-
related gene families (cytochrome P450s, GSTs, UDP/GTs, AKRs, NB-
ARC, and ABC transporters). Most accessions showed coverage levels
for resistance-related gene families similar to those of single-copy
genes, although 6 to 73 accessions exhibited high-coverage genes
across different gene families (Supplementary Fig. 32b). However,
correlation analysis between resistance levels andNTSRgene coverage
revealed no association with resistance (Supplementary Fig. 32b; and
Supplementary Data 11). Overall, no evidence was found to support
metabolic resistancemediated by gene amplification inD. sanguinalis,
though further investigation is needed to fully exclude this possibility.

To identify genes either constitutively expressed or induced by
herbicide, we performed time-course RNA sequencing on leaf tissue
from a resistant (R; accession #21-17) and a susceptible (S; accession
#15-2) D. sanguinalis accession treated with nicosulfuron (Supple-
mentary Data 12). In the R accession, 152 genes exhibited induced
upregulation following herbicide treatment, including AKR1,
UGT706D1, CYP81A6, and ABCG43, which are involved in reactive
oxygen species (ROS) scavenging and stress response processes62–65.
We identified DsSOH1, encoding a short-chain dehydrogenase/reduc-
tase (SDR), as a candidate resistance gene. This gene family is widely
conserved across plants and implicated in detoxification and abiotic
stress responses66,67. It exhibited nicosulfuron-inducible upregulation
specifically in the R but not in the S accession (Supplementary Fig. 33).
A total of 149 genes exhibited constitutive differential expression,
comprising two genes (CYP75B3 and CYP92C21) with characterized
homologs in rice involved in biotic stress responses68,69. Additional
analyses were described in the Supplementary Note 3 (see Supple-
mentary Figs. 34–36).

Adaptive introgression enables evolutionary escape from
herbicide
To identify genomic loci underpinningNTSR,we conducted a genome-
wide association study (GWAS) using 141 accessions based on their
GR₅₀ values under nicosulfuron treatment70. A total of 40 resistance-
associated SNPs (rSNPs) were identified, corresponding to 19 genes,
including three homologs (DsCYP81A6, DsAKR4C16 and DsABCC1)
functionally validated to confer non-target-site herbicide resistance in
other grass species64,71,72 (Fig. 4c). rSNPs were identified 1898 bp
upstream of DsSOH1 and 1891 bp downstream of DsCYP81A6, both of
which exhibited differential expression in response to nicosulfuron
treatment (Fig. 4c; Supplementary Fig. 33).

Herbicide resistance levels were quantitatively assessed using the
Resistance Index (RI). Based on RI values, accessions were categorized
into four distinct resistance groups: Susceptible (S), Low Resistance

(LR), Moderate Resistance (MR), and High Resistance (HR) (Supple-
mentary Data 9). The rSNP located near DsSOH1was present in 40% of
HR accessions but was absent in both LR and S groups (Fig. 4d). Phe-
notypic assessments further demonstrated that accessions carrying
the alternate allele (A) exhibited significantly higher herbicide resis-
tance compared to thosewith the reference allele (C) (Fig. 4e). To trace
the origin of the haplotype at DsSOH1, we conducted ABBA-BABA
analysis using the topology (((P1, P2), P3), O), with D. bicornis, sus-
ceptible D. sanguinalis, resistant D. sanguinalis, and D. ciliaris were
assigned to O, P1, P2, and P3, respectively (Supplementary Fig. 37a). A
prominent fd peak was detected specifically at theDsSOH1 locus in the
HR group, suggesting introgression from D. ciliaris, whereas the MR
and LR groups exhibited progressively weaker signals of admixture
(Fig. 4f). The DsSOH1 variant was not fixed in the HR group, with an
observed allele frequency of 0.40, supporting a scenario of recent
adaptive introgression (Fig. 4d). Concurrently, elevated genome-wide
Fst values revealed population subdivision within D. sanguinalis
(Fig. 4f). The regions with the highest Fst differentiation between
resistant and susceptible populations coincided precisely with the fd
peak interval, strongly implicating introgression from D. ciliaris at the
DsSOH1 locus (Fig. 4f). Although EHH analysis revealed difference
between the A and C alleles, the |iHS| value (1.39, within the 90th
percentile of the genome-wide distribution) did not reach the con-
ventional threshold for detecting strong recent positive selection
(Supplementary Fig. 37b).

To clarify the ancestry of the introgressed genomic region, we
employed Bayesian Phylogenetics and Phasing (BPP v4.0)73 under an
explicit introgression model (Fig. 4g). Parameter estimates supported
a topology in which the DsSOH1 haplotypes in resistant D. sanguinalis
accessions originated from recent introgression with D. ciliaris
(φ = 0.30, 2.5% HPD =0.24, 97.5% HPD=0.36), while alternative sce-
narios were statistically rejected (Supplementary Data 13). Moreover,
divergence time estimates indicate that speciation between D. san-
guinalis andD. ciliaris substantially predated the inferred introgression
event (divergence τ =0.002010 vs. introgression divergence
τ =0.000056), providing further confirmation that resistance alleles
originated via admixture. Consistent with the wide geographic dis-
tribution of resistant D. sanguinalis accessions, maximum-likelihood
phylogenies constructed from introgressed SNPs consistently
grouped resistant accessions within clades of sympatric D. ciliaris
(Fig. 4h). This recurrent phylogenetic pattern suggests that the NTSR-
associated haplotype atDsSOH1 likely evolved through parallel, recent
introgression from neighboring D. ciliaris populations.

To investigate the correlation between introgression frequency
from D. ciliaris and herbicide resistance levels in D. sanguinalis, we
compared the fd values at rSNPs to the genome-wide background. The
HR group exhibited significantly higher introgression frequencies at
rSNPs compared to the genomic background (Mann-Whitney U test,
p =0.02), a pattern not detected in the MR or LR groups (Supple-
mentary Fig. 37c). In addition, the HR group exhibited the greatest
cumulative length of introgressed windows across the genome (HR vs.
MR,Mann-Whitney U test, p = 1.60e-2; HR vs. LR,Mann-Whitney U test,
p = 3.90e-5) (Supplementary Fig. 37d). These findings suggest that
introgression from D. ciliaris may be associated with the emergence
and spread of NTSR in D. sanguinalis. Interestingly, we observed a
higher frequency of rSNPs in accessions collected in 2023 compared to
those collected in 2013 (Supplementary Fig. 37e), which may be cor-
relate with the elevated herbicide resistance observed in recent
populations.

Discussion
Polyploidization has played a pervasive role in plant evolution74–76.
Although chromosome-level assemblies are now available for at least
10 hexaploid species, their diploid and tetraploid progenitors have
been resolved at comparable resolution in only a few cases, mostly in
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wheat and oats77,78. In contrast to the large genomes of wheat (17 Gb)
and oats (11 Gb), the compact genomes of D. sanguinalis and its
ancestors serve as an effective model system for studying how poly-
ploidization influences genome evolution, particularly the structural
dynamics of repetitive elements. Here, we generated near-complete
assemblies of D. sanguinalis and its two putative progenitors, provid-
ing a valuable resource for exploring genomeevolution in theDigitaria
complex. These assemblies, especially those of the ancestral materials,
could be further improved by integrating ultra-long reads and com-
plementary sequencing approaches.

Accurate taxonomic resolution of Digitaria species forms a
foundation for basic research and precision weed management9,79.
However, species classification remains challenging due to extensive
morphological convergence among over 220 described Digitaria
species80–82. To address these ambiguities, we employed an integrative
approach that combinedphenotypic traits, such as genome size, 1000-
grain weight, and aspect ratio, with genomic characteristics, including
whole-genomemapping rates and coverage depth profiles (Figs. 2b, d,
and e). This multidimensional strategy enabled reliable species dis-
crimination and also revealed ecotypic differentiation within D. san-
guinalis, where geographically distinct populations exhibited unique
genomic and phenotypic signatures. For example, D. sanguinalis var.
parvispicula shows significantly expanded leaf area indices, likely
enhancing photosynthetic capacity under high-temperature and high-
precipitation regimes. Collectively, our results provide a robust taxo-
nomic framework for the genus Digitaria, resolving long-standing
classification ambiguities.

Evolution of herbicide resistance in populations of numerous
weed species underscores the urgent need to understand the genetic
basis of resistance and its underlying evolutionary dynamics, so as to
inform effective management strategies12,83. Although TSR is a com-
mon mechanism of herbicide resistance13,84, our analysis of 81 D. san-
guinalis resistant accessions did not detect any known resistance-
conferring mutations or coverage variation at target genes (Supple-
mentary Fig. 32a; and Supplementary Table 14; Supplementary
Data 10). This observation is consistent with previous reports in Chi-
nese resistant Digitaria populations16,18,21. This finding presents a
paradox, given the long-standing hypothesis that polyploid genomes
are expected to promote TSR evolution due to the presence of mul-
tiple gene copies85. Nevertheless, in polyploid species, the effect of
target sitemutations canbemasked or diluted by co-existingwild-type
alleles. As a result, the effectiveness of TSR may depend on several
factors, including the ploidy level, the number of mutated alleles, the
relative expression levels of homologs carrying themutations, and the
dominance of the resistance allele86.

NTSR poses a potentially greater threat to agricultural sys-
tems, due to its polygenic nature and complex evolutionary
trajectories14,15,87. In our study, we identified 40 rSNPs, a pattern
consistent with findings in blackgrass, where mesosulfuron-
methyl and clodinafop resistance are primarily NTSR-driven88,89.
In our study, rSNPs were present at low frequencies (mean allele
frequency = 0.063), suggesting substantial spatial heterogeneity
in resistance architectures. This likely reflects adaptation to
divergent agricultural selection regimes, influenced by regional
cropping systems and herbicide application histories. In parti-
cular, the shift toward sequential or combination treatments, e.g.,
pre-emergence soil herbicides such as pyroxasulfone or oxadia-
zon, followed by post-emergence nicosulfuron or mesotrione,
may have reduced the efficacy of individual TSR mutations and
intensified selection for polygenic NTSR mechanisms90–92. Fur-
thermore, some low-frequency resistance variants may function
as compensatory alleles, mitigating potential fitness costs asso-
ciated with primary resistance mechanisms24. The functional
relevance of these variants will be further evaluated in future
studies by integrating key phenotypic covariates, such as relative

growth rate. In conclusion, our findings highlight a compelling
case in which NTSR has become the dominant resistance strategy
in D. sanguinalis under complex herbicide selection regimes.

Although introgression is increasingly recognized as a key
mechanism of adaptive evolution, well-documented cases of
beneficial introgression remain relatively rare33,93. In our study, we
detected recurrent post-divergence introgression between D.
ciliaris and D. sanguinalis, two species with overlapping dis-
tributions across ecologically heterogeneous regions. This fre-
quent gene flow may facilitate environmental adaptation in D.
sanguinalis, particularly in relation to cold tolerance (Fig. 3h).
Comparable patterns of adaptive introgression have been repor-
ted in oaks (Quercus spp.), where introgression between sympa-
tric species contributes to climatic adaptation94,95. Given the
broad geographic overlap of many weedy species, such processes
may also be widespread in globally distributed genera, such as
Echinochloa (including E. crus-galli) and Setaria (including S. ita-
lica), where recurrent hybridization and local selection pressures
likely drive adaptation in response to heterogeneous environ-
ments worldwide.

While introgression events in weedy species have been increas-
ingly reported96,97, our findings suggest that adaptive introgression
between closely related weedy species may facilitate the rapid evolu-
tion of herbicide resistance. Our analyses identified introgression sig-
nals flanking rSNPs, and revealed a potential correlation between the
frequency of introgressed haplotypes at rSNPs and the herbicide
resistance levels observed inD. sanguinalis accessions (Supplementary
Fig. 37). These results support the hypothesis that closely related
species can serve as genetic reservoirs for adaptive traits in weeds,
consistent with previous observations of crop-to-weed introgression
contributing to herbicide resistance98–100. In waterhemp (Amaranthus
tuberculatus), introgression has been implicated in shaping the
landscape-scale distribution of herbicide resistance101,102. By contrast,
no comparable introgression signals associated with herbicide resis-
tance have been detected in barnyardgrass31. Instead, population
structure analysis reveals distinct subspecies differentiation in bar-
nyardgrass, which likely driven by predominant self-fertilization and
limited interspecific genetic exchange. Both crabgrass and waterhemp
are sympatric with closely related species, providing opportunities for
gene exchange103 (Supplementary Fig. 11). Many other weedy taxa also
co-occur with closely related species, such as weedy rice, Amaranthus,
and Setaria. Collectively, these cases suggest that introgression likely
plays a significant role in facilitating weed adaptation to agricultural
environments.

In summary, this study report genome assemblies for diploid,
tetraploid, and hexaploid Digitaria species, establishing essential
genomic resources for global accession profiling, herbicide resistance
research, and the investigation of evolutionary mechanisms under-
lying weed adaptation. Crucially, we demonstrate that introgression
may serve as an important source of adaptive genetic variation,
offering insights to support the development of more integrated and
sustainable weed management strategies.

Methods
Genome sequencing and assembly
Voucher specimens of the three sequenced species were deposited in
the Herbarium of Zhejiang University (HZU), with accession numbers
HZU60147516 (D. sanguinalis, #YJ2023), HZU60147511 (D. milanjiana,
#DZ2), and HZU60147514 (D. radicosa, #YZGJ2).

For D. sanguinalis, total genomic DNA was extracted from young
leaves using the cetyltrimethylammonium bromide (CTAB) method.
High-molecular-weight DNAwas prepared using a nuclei method104 for
Nanopore ultralong sequencing and library preparation, followed by
sequencing on a PromethION platform. ~116.98Gb of ultralong reads
(N50> 100 kb) were de novo assembled with NextDenovo v2.5.2 using
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default parameters105. In parallel, single-molecule real-time (SMRT)
sequencing libraries were prepared following PacBio protocols and
sequenced on the Sequel II platform using the circular consensus
sequencing approach. HiFi reads and ultralong reads were co-
assembled using hifiasmv0.19.8-r603, and the contiguity of initial
assembly was improved by merging with the initial NextDenovo
assembly using Quickmerge106,107, with validation based on long-read
mapping depth. The assembly was further polished by PacBio HiFi and
Illumina data via NextPolish2 (v0.2.1) with default parameters108. Hi-C
data were processed with YaHS v1.1 to generate a chromosome-scale
contact map (Supplementary Fig. 4a), which was manually curated in
Juicebox v1.11109–111. Subgenome phasing was performed using a k-mer
based approach implemented in SubPhaser112.

ForD. milanjiana, genomic DNAwas extracted from young leaves
using the CTAB method. Illumina paired-end libraries were prepared
according to the manufacturer’s protocol (Illumina, USA). PacBio long
reads were generated, error-corrected, and assembled into contigs
using hifiasm. The high-contiguityD. sanguinalis assembly was used as
a reference to anchor and order the contigs, and the contigs were
further scaffolded into pseudochromosomes corresponding to the DH

and EH using Ragtag v2.1.0113.
ForD. radicosa (#YZGJ2), DNA extraction, library preparation, and

genome assembly followed the same procedures described for D.
milanjiana.

Genome annotation
Repeat families were identified de novo and initially classified using
RepeatModeler v1.0.10114 followed by genome-wide repeat annotation
performed with RepeatMasker v4.0.7114.

Protein-coding genes were predicted using an integrative
approach that combined ab initio prediction, homology-based infer-
ence, and transcriptome-supported annotation. Ab initio predictions
were generated with Fgenesh and AUGUSTUS v3.2.2, whereas
homology-based evidencewas obtained using GMAP115–117. All evidence
types were integrated using EVidenceModeler v1.1.1116,118, resulting in a
non-redundant consensus gene set. Genemodels were retained only if
supported by homology to known proteins, transcript alignments, or
by at least two independent ab initio predictions. Low-confidence
models, defined as those encoding peptides shorter than 50 amino
acids or showing significant similarity to repetitive elements in
Repbase (E-value < 1e-5, identity > 30%, and coverage > 25%), were fil-
tered out to improve annotation quality.

Functional annotation of predicted protein-coding performed
was conducted using InterProScan v5.24-63.0 across Digitaria spp.,
Echinochloa spp., O. sativa, S. italica and Panicum hallii40,119–122.
Homologous genes previously validated in rice and maize were
annotated using BLAST, retaining hits with an E value < 1e-5 and
sequence identity > 50%53,123.

Repetitive elements annotation
Centromeric satellite repeatswere predicted using theTandemRepeat
Annotation and Structural Hierarchy (TRASH) pipeline124 in two itera-
tive rounds. In the first round, genomic sequences were partitioned
into 1-kb windows, and local k-mer frequencies were calculated to
detect repeat-enriched regions using default parameters. The most
abundant repeat templates were clustered and extracted using CD-
HIT125. In the second round, TRASH was executed with the parameters
“--simpleplot --frep 10 --N.max.div 5 --par 5 --seqt,” with the extracted
templates provided via the “--seqt” option. Windows were scored
based on the proportion of repeated k-mers, and regions exceeding
the threshold were classified as repeat-rich. Tandem repeats within
these windows were further characterized based on the spacing
between identical k-mers, enabling the identification of consensus
repeat units, including CEN113, CEN159, and CEN178, hereafter collec-
tively referred to as cenSat.

Ribosomal DNA (rDNA) regions were annotated via BLAST sear-
ches against maize rDNA references sequences, including 5S rDNA
(DQ351339), 5.8S rDNA (AF019817), and the intergenic spacer
(AF013103). Telomeric repeats were identified by scanning chromo-
some termini for high-copy-number tandem arrays of the canonical
monomer “TTTAGGG”.

Genome quality assessment
Assembly quality for each genome was evaluated based on com-
pleteness, correctness, and continuity. For completeness, NGS short
reads and PacBio HiFi long reads were mapped to their respective
assemblies using BWA mem v0.7.17-r1188126 and Minimap2 v2.03127

with default parameters, respectively. Mapping statistics were sum-
marized with Sambamba Flagstat v1.0.1128. Additional completeness
evaluations were performed using the LTR Assembly Index (LAI)129 and
BUSCO v5.5.0with the poales_odb 10 database41. Short reads were split
into 21-mers using Meryl v1.4 with low frequency k-mers removed
(meryl gt 1) prior to generating a k-mer reference library. Then, k-mer
based completeness was estimated with Merqury v1.3130. For correct-
ness, base-level accuracy was evaluated by estimating quality values
with Merqury, based on the same k-mer library. For continuity,
potential assembly gaps and structural inconsistencies were identified
using CRAQ44. Long and short reads were aligned against assemblies,
and AQI scores were calculated by analyzing clipped alignments to
identify local and large-scale errors.

Phylogenetic analysis
Homoeologous exchanges (HEs) in polyploids can distort phyloge-
netic inference; therefore, candidate HE regions in the D. sanguinalis
genome were identified and excluded prior to downstream phyloge-
netic analyses. ~99× short reads coverage from D. radicosa and 50×
from D. milanjiana were mapped to the D. sanguinalis reference gen-
ome using Bowtie2 with default settings131. Mapping depths were cal-
culated in 100-kb sliding windows across the genome. For the DH and
EH, windows with coverage exceeding 20× and showing higher map-
ping depth for D. radicosa than D. milanjiana were designated as
candidate HE regions; the same approach was applied to the CH.
Adjacent candidateHEwindowsweremerged, resulting in four distinct
HE regions. Genes located within these regions were excluded from
subsequent phylogenetic reconstruction.

Phylogenetic relationships among Digitaria and related species
were inferred using three approaches. First, genetic divergence was
estimated based on synonymous substitution (Ks) values, and pairwise
Ks peak distributions were used to infer relative divergence times.
Second, a concatenated alignment of 2,030 single-copy orthologs,
identified by OrthoFinder132 and excluding HE-associated genes, was
used to construct a ML tree. Amino acid sequences were aligned using
MAFFT v7.310133 and trimmedwith TrimAl under default parameters134.
TheML treewas generatedwith IQ-TREE v1.6.12135 with 1000 bootstrap
replicates and the best-fit substitution model (GAMMA+ JTT + F4) as
determined by ModelFinder. Third, 2,030 single gene trees were
inferred individually using RAxML under the best-fitting amino acid
substitution models, and a coalescent-based species tree was subse-
quently estimated with ASTRAL v5.7.8136,137.

Collection and phenotyping of Digitaria accessions
A total of 579 Digitaria accessions were collected from 24 provinces
across China from 2013 to 2023 (Supplementary Data 4). Seeds col-
lected prior to 2023 were preserved at the Plant Protection Research
Institute, Shandong Academy of Agricultural Sciences. In 2023, 496
accessions were grown under uniform field conditions at the Jiyang
Research Station of the Shandong Academy of Agricultural Sciences
(Jinan), with five representative individuals planted per accession for
phenotypic evaluation. The geographic distribution of collected
accessions was visualized using R v4.3.1. Based on detailed collection-
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site metadata, 272 accessions were further classified into three ecolo-
gical habitat types: natural habitats (n = 40; riverbanks or wilderness),
agricultural habitats (n = 221; active croplands), and disturbed habitats
(n = 11; parks or roadsides).

Definition of spatial groups and comparisons
Accessions collected in 2013 or 2015 within a of 100-km radius were
clustered into historical groups using the “great_circle”method in the
geopy package, with the centroid of each cluster designated as the
groups’ location. Historical groups with at least four accessions were
retained for temporal comparison. To create modern groups, we
selected modern accessions in close proximity (< 100 km) to the his-
torical groups. Finally, 11 groups comprising 167 accessions were used
in the analysis (Supplementary Fig. 22). For each spatial group, the
normalized Shannon entropy was calculated as a diversity score using
R package entropy based on k = 6 from the admixture analysis.
Nucleotide diversity and Tajima’s D were estimated with VCFtools
v0.1.17138 in non-overlapping 100-kb windows. Heterozygosity was
calculated for each accession.

Resequencing and variant calling
Genomic DNA was extracted from fresh leaves using a standard CTAB-
based protocol. Paired-end resequencing libraries were prepared and
sequenced on the DNBSEQ T7 platform. Raw reads were quality-
filtered using fastp v0.24.2139, and high-quality paired-end reads were
mapped to D. sanguinalis reference genome (#YJ2023) using Bowtie2
with default parameters131. Whole-genome variant calling and filtering
were performed using an integrated pipeline140. To minimize false
positives due to high sequence similarity between subgenomes, rese-
quencing reads of YJ2023 were realigned to its reference, and variants
detected in this process were excluded from the final dataset. Variants
were further filtered by the minor allele frequency (MAF) greater than
0.01 and missing rate less than 30%. Functional annotation of all high-
confidence variants was conducted using SnpEff v3.652141.

Population structure and genetic diversity
Species identity of each accession was initially assessed by calculating
read mapping rates to the YJ2023 reference genome and estimating
genome coverage using sambamba v1.5 and bamdst128,142. Population
structure was inferred with FastStructure143 based on genome wide
SNPs and synonymous SNPs from CH, DH and EH, with k values ranging
from 2 to 9. Phylogenetic relationships were reconstructed with
FastTreeMP144 based on SNPs from 499 accessions (excluding D. vio-
lascens and D. ischaemum due to low genome coverage), using 51 D.
ciliaris accessions as the outgroup; branch support was assessed with
1000 bootstrap replicates. Trees were visualized using iTOL v7 (http://
itol.embl.de)145. PCA was conducted in PLINK v1.90b6.20146 using a
linkage-disequilibrium pruned SNP set (10 SNPs per 50-kb sliding
window, r² <0.5). Nucleotide diversity (π) was calculatedwith VCFtools
v0.1.17138 in non-overlapping 20-kb, 50-kb and 100-kb windows, and
genome-wide or subgenome-level diversity was reported as the mean
π across all windows within each population.

Demographic history inference based on site frequency
spectrum (SFS)
To reconstruct the demographic history of Digitaria and evaluate the
role of introgression during species and lineage divergence, we per-
formed compositeML inference based on the site frequency spectrum
(SFS). Joint folded two-dimensional SFSs (2D-SFSs) were generated
from four-fold synonymous SNPs using easySFS.py (https://github.
com/isaacovercast/easySFS). Eight demographic scenarios were
designed to test for the occurrence and timing of introgression
between lineages and species (Supplementary Fig. 18), with divergence
time priors informed by fossil calibrations in TimeTree 5147. Likelihood
estimation for each scenario was conducted using fastsimcoal2148, with

100,000 coalescent simulations per likelihood estimation (-n
100,000) and 40 expectation-conditional maximization (ECM) cycles
(-L 40). Model selection was performed using the Akaike information
criterion (AIC), calculated as AIC = 2k � 2lnðLÞ (MaxEstLhood), where k
represents the number of estimated parameters and MaxEstLhood is
the ML function value for the model. To avoid convergence to local
optima, each analysis was repeated at least twice, and the best-
supported model based on AIC was re-run 100 times to obtain refined
parameter estimates. Subsequently, 100 independent DNA poly-
morphism datasets were simulated as joint SFSs conditional on esti-
mated demographic parameters. ML analysis was then applied to each
joint SFS over 40 ECM cycles to obtain confidence intervals (CIs) for
final estimates.

Changes in effective population size over time were further
inferred using StairwayPlot v2.0149, basedonboth folded andunfolded
SFSs. Population-specific SFSs were constructed and folded from the
same SNP dataset used for fastsimcoal2.

Phylogeny of chloroplast genomes
The reference chloroplast genome of YJ2023 was assembled de novo
using GetOrganelle v1.7.7.1150. For other accessions, chloroplast-
derived reads were extracted from paired-end resequencing data
with GetOrganelle and mapped to YJ2023 chloroplast reference gen-
ome. Variants were called using the GATK pipeline, resulting in 4,742
high-quality chloroplast SNPs after filtering for MAF 0.05 and missing
rate 0.2 across 579 Digitaria accessions. A ML tree was constructed in
IQtreewith 1500bootstrap replicates135, and the treewas rootedwith S.
italica as the outgroup.

Detection of sympatric introgression between D. ciliaris and D.
sanguinalis
Sympatric population pairs were defined based on pairwise geographic
distances calculated with the “great_circle” method in the geopy pack-
age, with a threshold of 150-km. Populations pairs comprising at least
two D. ciliaris and eight D. sanguinalis accessions were retained for
downstream analyses. Introgression in sympatric population pairs was
assessed using D-statistics151,152, and the extent of introgressed genomic
regions was quantified using the modified fd statistic153. The phyloge-
netic topology (((P1, P2), P3),O)was applied,withD. bicornisdesignated
as the outgroup (O), sympatricD. sanguinalis as P2, sympatricD. ciliaris
as P3, and allopatric D. sanguinalis accessions as P1. Under the null
hypothesis, ABBA andBABA site patterns are expected tooccur at equal
frequencies due to incomplete lineage sorting, whereas an excess of
ABBA sites indicates introgression between P2 and P3. To minimize
sample bias, eight individualswere randomly selected for P1 andP2, and
three for P3 and the outgroup.

Introgression was evaluated in two steps. First, D-statistics were
calculated genome-wide. To account for linkage disequilibrium, sig-
nificancewas assessed using a block jackknife approach151, inwhich the
genome was divided into 1-Mb blocks, and one block was sequentially
removed at a time to estimate the mean and variance of D. Second,
introgressed genomic regionswere identified using slidingwindows of
10-, 50-, and 100-kb,with corresponding step sizes of 5-, 25-, and 50-kb,
respectively.Windows containing fewer than 200, 100, or 20 SNPs (for
100-, 50-, and 10-kb windows, respectively) were excluded. BothD and
fd statistics were computed with “ABBABABAwindows.py” and Fst
values for the same windows were calculated with
“popgenWindows.py”153. According to the filtering criteria used by
Zhou et al154., fd values outside the 0-1 range were set to zero. The
overall introgression level was quantified as the Proportion of Intro-
gression across the Genome (PIG) and Pairwise Shared Introgressed
Genomic regions (PSIG) was used to quantify shared introgression
among sympatric populations. Regions with fd > 0.6 were defined as
significantly introgressed, and genes within these regions were sub-
jected to functional enrichment analysis.
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Functional enrichment analysis of introgressed genes
Gene families were annotated based on Pfamdomains identified in the
YJ2023 genome. For enrichment analysis, all Pfam domains in YJ2023
were used as the background set. To test whether the Pfam domains
found within introgressed regions represented a non-random sam-
pling, we applied Fisher’s exact test to compare their frequencies
against the genome-wide background. Multiple testing correction was
performed using the Benjamini-Hochberg and domains with adjusted
p-values < 0.05 were considered significantly enriched. Fold enrich-
ment was calculated as the ratio of each Pfam domain’s frequency in
introgressed regions to its frequency within the background.

Environmental factors and correlation with introgression
To investigate the relationship between introgression and environ-
mental variation, 91 environmental variables were retrieved from the
WorldClim database (http://www.worldclim.org/) (Supplementary
Data 5). These variables encompassed four primary categories, tem-
perature, precipitation, wind speed, and solar radiation, as well as 19
additional bioclimatic variables. Pairwise environmental distance
matrices for the primary categories were calculated using Euclidean
distances with the R package “ecodist”155, and a separate matrix was
generated from the 19 bioclimatic variables. Longitude and latitude
were also used to generate distance matrices. Geographic distances
among populations were computed using the “great_circle”method in
the “geopy” package, and statistical significance in downstream ana-
lyses was assessed using 10,000 permutations.

Mantel and partial Mantel tests were conducted using “ecodist” to
assess correlations between PSIG and pairwise geographic, environ-
mental and Fst distances.

Identification of environment-associated genetic variants
Variants withMAF>0.01 andmissing rate > 0.2were retained, yielding
a dataset of 3,981,523 SNPs for downstream analyses. Associations
between allele frequencies and 19 environmental variables were initi-
ally assessed using a univariate latent factor mixed model (LFMM)
implemented in the R package LEA v3.14.0156. Latent factors were
determined based on the ancestry clusters inferred from Fas-
tStructure, consistent with results from the demographic history
analysis. For each environmental variable, five independent runs were
conducted, with 5000 burn-in iterations followed by 10,000 sampling
iterations.Medianp values fromfive independent runswere calculated
and adjusted for multiple testing using both the false discovery rate
(FDR, 5%) and the Bonferroni method.

Single-dose bioassays on Digitaria
A single-dose herbicide bioassay was conducted on Digitaria acces-
sions (n = 53 in 2013, n = 56 in 2015, n = 52 in 2023) at the 2-3 leaf stage.
Plants were grown in 9-cm diameter pots filled with sterilized potting
soil and maintained under controlled environmental conditions (30/
25 °C day/night, 16 h of photoperiod) until herbicide application. A
commercial formulation of nicosulfuron (field-recommended dose:
60 g a.i. ha-1) was applied using an enclosed cabinet sprayer calibrated
to deliver 450L ha-1 at a pressure of 0.4MPa (ASS-5, Information
Technology Research Center, Beijing, China). Untreated control (0 g
a.i. ha-1) was also included for comparison. Each treatment, including
the control, was replicated four times with one pot per replicate.

Survival rate (%) was calculated as:

Survival rate %ð Þ= Ns � NT

� �
× 100% ð1Þ

Ns represents the number of surviving plants, and NT represents the
total number of plants per pot. Plants were classified as surviving if
they exhibited active regrowth or retained green tissue.

Aboveground biomass from each pot was harvested, oven-dried
at 70 °C for 72 h, and weighed. Control efficacy (%) was calculated as

the percentage of biomass reduction relative to the untreated control:

Control efficacy %ð Þ= 1� Bt � Bc

� �
× 100% ð2Þ

Bt is the biomass in the treatment, and Bc is the biomass in the control.

Whole-plant resistance bioassay
Seeds of 196 Digitaria accessions were collected, air-dried, and stored
at 4 °C prior to use. Seeds were sown in moist loam soil in 9-cm dia-
meter pots, covered with 1 cm of soil, and grown under greenhouse
conditions (30/25 °C day/night, 16 h of photoperiod) with sub-
irrigation.

Herbicide resistance to nicosulfuron was evaluated using whole-
plant bioassays. At the three-leaf stage, ten seedlings were foliar trea-
tedwith the commercial formulation of nicosulfuron at sevendoses, 0,
30, 60, 120, 240, 480, and 960 g a.i. ha-1 (field-recommended dose:
60 g a.i. ha-1). Applications were performed using an enclosed cabinet
sprayer (ASS-5, Information Technology Research Center, Beijing,
China) calibrated to deliver 450L ha-1 at 0.4MPa. Plant survival and
aboveground dry biomass were assessed 21 days after treatment. Each
treatment included four biological replicate pots (10 seedlings per pot)
and was independently repeated.

Dose-response relationships for biomass reduction (expressed as
a percentage of untreated controls) were analyzed by nonlinear
regression in SigmaPlot v12.5 (Systat Software Inc.), fitting a four-
parameter log-logistic model:

Y =C + D� Cð Þ � 1 + X � GR50

� �b� �h i
ð3Þ

where Y is the response (percentage of control), X is the herbicide
dose, C and D are the lower and upper asymptotes, GR50 is the herbi-
cide dose required toplant growth reduction by 50%, and b is the slope
of the curve. A mixed-model ANOVA was conducted to assess
differences in percent control and biomass reduction across treat-
ments. Resistance indices (RIs) for individual accessions were
calculated as the ratio of their GR₅₀ values to the average GR₅₀ of
susceptible accessions, which were defined as those controlled at the
recommended field dose (GR₉₀ <60g a.i. ha⁻¹). Resistance levels were
categorized into four groups based onRI values: S (susceptible, RI < 2),
LR (low resistant, RI > 2 and RI < 4), MR (moderate resistant, RI > 4 and
RI < 10), and HR (high resistant, RI > 10).

Herbicide resistance analyses
ALS genes were identified in the D. sanguinalis genome using BLASTP.
The predicted ALS protein sequences were aligned with orthologous
sequences from O. sativa and A. thaliana using MAFFT133, and known
resistance-associated sites were annotated across the three DsALS
copies. A comprehensive catalog of causative mutations was then
established for all accessions (Supplementary Data 10). Genealogical
relationships among haplotypes were reconstructed using Hap-
NetworkView based on variant profiles across the three ALS copies157.

NTSR-related genes were identified based on Pfam domain
annotations. Sequencing depth for each annotated gene was calcu-
lated, and gene family abundance was estimated as the sumof average
depths across all loci, using custom scripts. Coverage was normalized
by dividing the average read depth of each gene family by the mean
sequencing depth of 2030 single-copy genes. Accessions with
sequencing depth < 5 were excluded to minimize bias in coverage
estimation.

Plant material and nicosulfuron treatment for RNA-seq
The nicosulfuron-resistant (#21-17, GR50 = 122.53 g a.i. ha-1) and sus-
ceptible (#15-2, GR50 = 0.59 g a.i. ha-1) D. sanguinalis accessions were
selected for RNA-seq analysis. Plants were grown in 9-cm diameter
pots filled with moist loam soil, covered with a 1-cm soil layer, and
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maintained under greenhouse conditions (30/25 °C day/night, 16 h of
photoperiod) with sub-irrigation at the Jiyang Research Station of the
Shandong Academy of Agricultural Sciences (Jiyang, Shan-
dong, China).

At the three-leaf stage, seedlings were treated with 2 g a.i. ha-1

nicosulfuron based on the GR50 value distribution of susceptible
populations from dose-response assays, to assess herbicide response.
Each treatment included three biological replicates, with three indivi-
dual plants pooled to constitute one replicate. Leaf tissues were col-
lected at three time points: 0 h (untreated control), 6 h (early
response), and 24 h (late response) post-treatment. Samples were
immediately frozen in liquid nitrogen and stored at −80 °C until RNA
extraction and sequencing.

RNA sequencing and transcriptome analysis
Total RNA was extracted from 18 samples, comprising three time
points (0 h, 6 h, and 24 h) for each accession following nicosulfuron
treatment, with three biological replicates per time point. Messenger
RNA was purified using poly-T oligo-attached magnetic beads, and
sequencing libraries were constructed according to the DNBSEQ
standard protocol. Libraries were pooled based on effective con-
centration and target data yield. The 5′ ends of the libraries were
phosphorylated and circularized, followed by rolling circle amplifica-
tion to generate DNA nanoballs, whichwere subsequently loaded onto
a flow cell for sequencing on the DNBSEQ-T7 platform.

After trimming adapter sequences and filtering out low-quality
reads, clean readsweremapped to the YJ2023 reference genomeusing
Hisat2 v2.1.0158 and gene expression levels were quantified by StringTie
v2.2.1159 with default parameters. DEGs were identified with the pyDE-
Seq2 package v0.5.2160, with significance thresholds set at |log2(fold
change)| ≥ 1 and FDR-adjusted p-value < 0.05. GO enrichment analysis
was performed using the clusterProfiler package161.

GWAS of nicosulfuron resistance
GWAS were conducted on 141 D. sanguinalis accessions using GR50

values using EMMAX70. SNPswere filteredwithMAF >0.05 andmissing
genotype rate <0.1. A pairwise genetic distance matrix, derived from
simple matching coefficients of SNPs, was used to define the variance-
covariance structure of random effects in the linear mixed model.
Median p-values from five independent runs were calculated and
adjusted for multiple testing using both the false discovery rate (FDR,
5%) and the Bonferroni correction. Manhattan plots were generated
using the R package “qqman”162 for visualization of association signals.

To examine selection pressures acting on adaptive variants asso-
ciated with herbicide resistance and climatic adaptation, extended
haplotype homozygosity (EHH) was assessed for strongly associated
loci, and the integrated haplotype score (iHS) was calculated for
common variants using hapbin v1.3.0163.

Introgression analysis at resistance associated loci
To assess potential introgression from D. ciliaris into resistant D. san-
guinalis accessions, we applied the ABBA-BABA test under a four-taxon
topology of the form ((P1, P2), P3, O), where P1 represented the sus-
ceptible D. sanguinalis population, P2 comprised resistant accessions
(including HR, MR, and LR), P3 corresponded to D. ciliaris, and D.
bicornis served as the outgroup (Supplementary Fig. 37a). We esti-
mated the fd values across the genomewith slidingwindowsof 10-, 50-,
and 100-kb and respective step sizes of 5-, 25-, and 50-kb. Windows
containing fewer than 200, 100, or 20 SNPs (for 100-, 50-, and 10-kb
windows, respectively) were excluded. For each window, we also cal-
culated Fstbetween susceptible and resistantD. sanguinalis accessions.
To identify windows with significantly elevated introgression, we per-
formed two-tailed Z-tests and defined outlier windows as thosewith |Z-
score | > 4. To establish significance thresholds for Fst, we conducted
randomization tests by permuting the group labels, generating a null

distribution from which one-tailed p-values were derived (e.g., one-
tailed p =0.001 corresponds to the 0.1% or 99.9% quantile range).

To assess the phylogenetic structure and potential introgression
events, we applied coalescent-based modeling using BPP v4.6.273.
Analyses were based on a 100-kb genomic region flanking the rSNP
(Chr20: 34,032,644). First, to test for the presence of introgression
under the MSC-I model, we implemented the A00 method, which
estimates the posterior probabilities of divergence times and intro-
gression probabilities (Supplementary Data 13). This approach allowed
us to quantify the likelihood of introgression between D. ciliaris and
resistant D. sanguinalis accessions within this focal genomic region. In
parallel, we used the A11method to evaluatewhether the hypothesized
species tree topology receives the highest posterior probability. All
analyses were conducted using three independent MCMC runs with
10,000 burn-in iterations followed by 100,000 samples drawn every
10 iterations to ensure convergence and robustness.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Genome assemblies and annotations for the three Digitaria species
generated in this study have been deposited in National Genomics
Data Center (NGDC) database under the following accessions:
GWHGGEX00000000 (https://ngdc.cncb.ac.cn/gwh/Assembly/
98807/show) (D. sanguinalis, #YJ2023), GWHGGEY00000000
(https://ngdc.cncb.ac.cn/gwh/Assembly/98808/show) (D. radicosa,
#YZGJ2) and GWHGGEZ00000000 (https://ngdc.cncb.ac.cn/gwh/
Assembly/98809/show) (D. milanjiana, DZ2). HiFi sequencing, Hi-C,
and RNA-Seq data used for genome assembly and annotation are
available under NGDC project accession PRJCA044252. Raw rese-
quencing data for all accessions have been deposited in the National
Center for Biotechnology Information (NCBI) under accession
PRJNA1296823. The other reference genomes used in this study were
retrieved from NGDC or NCBI under accessions PRJCA003883,
PRJNA265547 (https://www.ncbi.nlm.nih.gov/bioproject/265547),
PRJNA931988, PRJNA953663, PRJEB36539, PRJNA250527, and
PRJNA32913. Resequencing data of green foxtail were downloaded
from the European Nucleotide Archive (ENA) under accession
PRJNA633413.Mapbase layers wereobtained from theofficial Tianditu
platform (https://www.tianditu.gov.cn/). Source data are provided
with this paper.

Code availability
All custom scripts used in this study are available at GitHub (https://
github.com/Ne0tea/DigitariaPop).
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